We show that wide-angle spectral imaging can be achieved with compact and cost-effective devices using Fabry-Pérot interferometers. Designs with a full field of view of 90 • , in which the Fabry-Pérot interferometer is mounted either in front of an imaging lens system or behind a telecentric lens system, are presented and analysed. We show the dependency of the spectral resolution on the numerical aperture of the lens system and demonstrate its value as a design criterion.
INTRODUCTION
Spectral imaging collects spectral information at each image point and thereby enables additional insights in various applications. It is nowadays widely used and many new spectral imaging techniques were developed over the last few years [1, 2] . While most research focussed on the development of spectral imaging components or on the applications of spectral imaging, we show that there is still potential for the lens design of complete spectral imaging systems.
In this paper we present designs for wide-angle imaging that are simpler and have larger field angles than other known systems. In 2004, Zhang et al. [3] built an interference imaging spectrometer making use of a complex modified Savart polariscope that can reach a full field of view (FOV) of 20 • to 30 • operating in the visible range. Recently Xu et al. [4] published a turntable system using an acousto-optical tunable filter that can scan a full FOV of less than 40 • , operating from 450 nm to 950 nm with a spectral resolution of 2 nm to 8 nm. In this paper we will study designs with a full FOV of 90 • that consist only of four components (including the spectral filter). At the same time, more and more applications are found that can benefit from spectral imaging with a large FOV, for example in security and surveillance applications, e.g. for face recognition techniques, that require information in the visible and near infrared range [5, 6] . Target tracing techniques based on spectral imaging [7] were developed and the effects of shadow [8] and darkness [9] and their correction were studied.
In this paper we use a tunable Fabry-Pérot interferometer (FPI) as a spectral filter. The FPI is becoming increasingly popular [10] due to its high light efficiency for a given spectral resolution [11] , but it is so far mainly used in remote sensing applications that require high optical resolution, like the Aalto-1 satellite [12] or in drone systems for agricultural observation [13, 14] and in telescopes like the vacuum tower telescope on Tenerife [15] . Many new applications do not require such high resolutions, but it is desirable to develop small and cost-effective systems. Following the trend of massproducing small cameras, tunable FPIs can be produced low priced and in large amounts. We will present wide-angle designs of small-size spectral cameras using FPIs and discuss how integrating the FPI characteristics with lens design requirements can improve the performance of FPI based systems.
Section 2 summarises properties of a FPI and relates them to lens design constraints. Section 3 introduces two lens designs, containing a FPI at different positions. Section 4 performs the spectral analysis and shows the impact of the lens design parameters on the FPI performance. The results are summarised in Section 5.
THEORY
The transmittance of an ideal Fabry-Pérot interferometer (i.e. a FPI illuminated by plane waves without absorption losses) is given by the Airy function
Here the phase φ depends on the wavelength λ, the angle of incidence θ of the incoming rays, the mirror separation d and the refractive index n of the medium in between the mirrors as [16] :
and F = 4R/(1 − R) 2 is the coefficient of finesse, which depends on the reflectance R of the used mirrors. Maxima are obtained for φ = 2πm for all orders m ∈ Z. The transmittance function T, which takes account of the absorption of the mirrors A can be written as [17] T(φ, R, A)
In the ideal limit of 100% reflecting mirrors, the transmittance becomes a Dirac comb denoted by the Cyrillic letter Sha:
For high finesse etalons in practical instruments, the Dirac comb shows different order intensities, that are broadened by convolution with a Lorentzian profile L(x, x 0 , γ), with the location parameter x 0 and the half width half maximum γ. In this case Eq. (3) can be approximated by [18] T(φ)
. (4) With multilayer mirrors using the Bragg effect nearly absorption-free etalons can be made. To calculate the reflectance and transmittance of these mirrors and the air space between them, the standard model that uses a matrix formalism based on the electromagnetic boundary conditions [19] can be employed. Alternatively a model by Gawhary et al. [20] , that adds up all internal reflections of the coating can be used, too.
We will investigate two special cases of a spectral imaging device with objects at infinity that contain a Fabry-Pérot interferometer: A collimated configuration, where the FPI is mounted in front of the lens system at a position of collimated incidence, and a telecentric configuration, where the FPI is mounted behind the lens system, that is telecentric on the image side. These two configurations are the easiest way to use a FPI in an existing imaging system with minimal optical redesign. Also, as will be shown below, both choices have their limitations. Using the FPI within the imaging system will lead to designs that will suffer from the limitations of both basic solutions considered here. Eq. (2) is used in both cases to evaluate the situation for plane waves travelling through the FPI.
For collimated incidence the transmittance peak wavelengths depend on the incidence angle and the gap size. The wavefronts coming from an object point are plane waves at the FPI. For plane waves we call the full width half maximum of a transmittance peak produced by the FPI the intrinsic full width half maximum FWHM i . In this paper we distinguish between the intrinsic plane-wave FWHM i fully described by Eqs. (1)- (4) and the simulated spherical-wave FWHM s , which will be evaluated numerically in the telecentric case.
For the telecentric configuration, the rays coming from a single object point are not parallel at the FPI, i.e. we observe (for a well corrected lens system) a spherical wavefront at the FPI. An estimation of the angle behaviour can be made by considering the plane waves travelling along the marginal and the chief rays. The angle difference between chief ray θ chief ≈ 0 and marginal rays θ marg at the FPI broadens the intrinsic transmittance peak of a given order and leads to a decrease in transmittance. To study the design limitation resulting from this effect, we consider the transmittance peak wavelength for incidence λ 0 parallel to the optical axis and the transmittance peak wavelength for marginal incidence λ 1 = λ 0 − δλ. In this paper we focus on only one FPI order. A rough estimation of the design-enforced wavelength interval δλ, within which light can be maximally transmitted, can be derived from Eq. (2) by requiring that the phases for λ 0 and λ 1 are equal
which leads to
The wavelength interval can be rewritten in terms of the numerical aperture on the image side NA i = n sin(θ marg ) of the corresponding optics:
In air (n = 1) this simplifies to
Because according to Eq. (6) different wavelengths are associated to the angles between 0 • and θ marg , the FPI peaks must be broad enough in order to transmit all angles and to avoid a significant decrease in transmittance. A design criterion based on Eq. (6) will be used in the analysis of the model system shown below. As will be shown in Section 4, unless NA is very small, the FWHM s for spherical waves is proportional to δλ.
MODEL
The lens model used in this paper is a modified version of a wide-angle pinhole lens with a full FOV of 90 • [21] . The system is smaller than 15 mm in length and the pinhole has a diameter of 1 mm. The model is analysed with CODE V. With a FPI mounted at two different positions, the two designs were reoptimised to correct the aberrations introduced by the FPI using the default CODE V merit function.
The Fabry-Pérot interferometer is modelled as two planeparallel glass plates having each 0.5 mm in thickness. The mirror coatings and the air gap are modelled as a coating in between the glass plates ( Figure 1 ). The layer of air in between can be tuned in thickness. The transmittance of the FPI can be tuned by varying the thickness of the air layer in the coating model ( Figure 2 ). FPIs, aperture diameters are available up to 20 mm and the air gap can be tuned with sub-nanometre accuracy in just a few milliseconds. To simulate such an FPI, we choose the coating of the mirrors to be a quarter wavelength optical thickness stack, at reference wavelength 548 nm, of a high and a low refractive index material, made of well-understood FPI coating layers (SiO 2 TiO 2 ) 3 [24] . The system is evaluated both using the etalon at a position of collimated ( Figure 3 ) and telecentric (Figure 4) incidence. Figure 5 shows the image quality of the two designs simulated with CODE V. Note that, despite of the large field, the small size and the simplicity of the design, the imaging quality of the system is sufficient for applications such as e.g. surveillance. In CODE V image simulation the input file must be a RGB bitmap, so we can extract only three color channels from the image. Despite of this spectral limitation the simulation provides useful information on the spectral behaviour of the two camera models. The distortion of the images is typical for wide-angle camera systems and can be corrected by software [25] . The image irradiance decreases with the field angle. However, the aperture stop situated in front of the system produces pupil aberrations that lead to a less significant drop than the one expected according to the cosine-fourth law [26] . The different spectral behaviour of the two designs can be best explained by analysing the field angle dependency of the spectral transmittance.
RESULTS
For the collimated design, note that the dominant colors in the centre and at maximal field are different, in accordance with the transmittance given in Figure 6 . The Airy function (Eq. (1)) describes the small angle behaviour, visible as a wavelength shift of the peak for 15 • with respect to 0 • , without changing the shape of the peak. For large angles, the reflectance of the mirror coatings becomes polarisation dependent and must be described by matrix-based calculations of the thin-film transmittance [19] . For the mirror coating we use, the transmittance is significantly decreasing for field angles larger than 20 • . The transmittance peak becomes a superposition of the transmittance peaks of s-and p-polarised light, which makes the retrieval of the spectral information more complex.
The field-dependent transmittance of the telecentric design ( Figure 4 ) is shown in Figure 7 . The transmittance and the simulated spectral resolution (FWHM s ) remain essentially the same over the entire FOV. Therefore in Figure 5 (c), (e), (g) we see only a single color (i.e. wavelength peak) for a given value of the FPI air gap. As for collimated incidence, changing the coating is mainly influencing the FWHM s of the transmittance peaks. By increasing the number of coating layers (Figure 8 ), the mirror reflectance increases and the resulting FWHM s decreases. However, when the peaks become too narrow to transmit all angles according to Eq. (6), the transmittance starts decreasing significantly. For NA i = 0.108 as used in the telecentric system ( Figure 4 ) and λ = 548 nm, δλ is 3.2 nm. As shown in Figure 8 , this is in good agreement with the CODE V transmission analysis for different coatings. In CODE V all calculations for the transmission analysis are made relative to unit energy across the entrance pupil [27] .
By changing the numerical aperture the dependency of the FWHM s on the numerical aperture can be observed directly ( Figure 9 ). For low numerical apertures, i.e. small wavelength intervals δλ the simulated FWHM s does barely differ from the intrinsic FWHM i and is determined by the coating, while for larger numerical apertures the FWHM s of the peak becomes proportional to the calculated wavelength interval δλ. This proportionality comes from the fact that when NA i increases, the necessary FWHM s that is required to transmit larger angles also increases. Due to this proportionality Eq. (8) can be used as a criterion to choose a coating or design for a certain spectral resolution as well as to predict the FWHM s of a system with a given FPI when the aperture is changed. We can distinguish two domains: For small values of the NA i , a higher FPI finesse yields a higher spectral resolution without influencing the peak transmittance. For large NA i , a higher FPI finesse does not influence the FWHM s but the transmittance decreases.
The comparison of the two designs shows their advantages and disadvantages. For the collimated design, the spectral resolution is not limited by the NA i of the camera design, but digital imaging processing is required. If a hyperspectral image is desired (i.e. many wavelengths are required), the small-angle dependency of the peak transmittance can be corrected by computationally associating all field angles to their corresponding wavelengths. Multispectral imaging, i.e. the case when only few wavelengths must be determined, also requires a full wavelength scan to obtain the necessary information over the full field of view and is therefore as time-consuming as hyperspectral imaging. For large field angles the transmittance peaks are formed by superposition of s-and p-polarised light. Due to the polarisation dependency of the mirror reflectance the peaks are broadened, deformed and even split up into two peaks. The polarisation-deformed transmittance for large field angles can only be used if the measured data is deconvolved afterwards on the computer.
In the telecentric configuration, the spectrum transmitted by the FPI is the same for all field angles and independent of polarisation over the full field of view. For multispectral imaging no complete wavelength scan is required, because full FOV information for individual wavelengths can be collected separately. Therefore in the telecentric case we can effectively make use of the advantage of an FPI, that one can select the measured wavelength rapidly, based on the target and goal of the measurements. The width of the transmittance peaks in the telecentric configuration is limited by the numerical aperture on the image side of the imaging optics (Eq. (8)). For a required width of the peaks, the criterion limits the NA i and therefore the amount of light that can be collected in a given time. Unless high spectral resolution is required the telecentric design is preferable because of its simplicity. For many applications e.g. for security purposes the spectral resolution should be sufficient.
Tighter tolerances of collimated configurations also motivated e.g. Kentischer et al. [15] (who describe a small field design) to use a FPI in a telecentric configuration. They describe how misalignment and large-scale variations of the FPI mirror shape cause only a small wavelength shift in telecentric designs, while the resolution drops significantly in collimated configuration. Manufacturing a FPI with flat and parallel mirrors, which do not bend when the gap size or environmental parameters are changed, is challenging. The price of a FPI therefore scales with the quality of its mirrors, therefore the less restrictive tolerances make the telecentric configuration more cost-effective for multispectral imaging systems than the collimated one. The telecentric system (Figure 4 ) can be built by choosing an appropriate existing FPI and by rescaling the imaging part of the system accordingly. We expect our design to be useful in situations where the scene is illuminated sufficiently.
CONCLUSIONS
In this paper we show that for a multispectral imaging system a large field of view can be achieved with a simple and compact design. While the common approach of inserting the FPI in front of the lens system is not able to produce a large field of view, the telecentric design shown in Figure 4 can achieve this. As shown in Eq. (8) and numerically confirmed with CODE V (see Figure 9 ) the spectral resolution can be increased by decreasing the aperture size at the expense of the amount of collected light at the detector. This property can be used as a design criterion for telecentric multispectral imaging systems. Depending on the numerical aperture NA i , we find two domains. In the first case, increasing the FPI finesse has the desirable effect of increasing the spectral resolution. In the second case, increasing the FPI finesse has the negative effect of decreasing the transmittance. Unless high spectral resolution is required, because of its simplicity and its reasonable imaging quality this design has the potential to be used in many applications like e.g. surveillance camera systems. Design strategies that are similar to the ones shown here can be applied in other design tasks as well, for instance in the near infrared spectral region.
